Abstract. Highly ordered Ni-Ag alloy nanowire arrays have been fabricated successfully by electrodeposition into the pores of anodic aluminum oxide (AAO). This template was prepared with modified two-step anodizing method. The scanning and transmission electron microscopy were utilized to characterize the Ni-Ag alloy nanowire arrays. The results revealed that the nanowire arrays were regularly arranged, about 90nm in diameter and 30µm in length. The nanowires were single crystal and the atomic ratio of Ni and Ag is very close to 79:21. Magnetic hysteresis loop showed that Ni-Ag alloy nanowire arrays embedded in AAO have superparamagnetism, indicating their potential applications in the nanoscale fabrication of magnetic materials for ultra-high-density magnetic recording.
Introduction
In recent years, much attention has been paid to the fabrication of arrays of pure metal nanowires [1, 2, 3] , alloy nanowires [4, 5, 6] and multilayered nanowires [7, 8, 9] due to their potential applications in ultra-high-density magnetic storage devices and microsensors. One useful technique to fabricate such nanowire is electrodeposition, by which metals can be deposited into the channels of AAO [10, 11] . Masuda and Fakuda first reported an ordered pore arrangement in porous anodic alumina that can be used as a template for nanowire deposition [12] . The advantage of the method is that the diameter and the length of nanowires can be controlled by anodizing voltage and anodizing time, respectively [13] . Highly ordered metallic nanowire arrays were particularly important for electronic and photoelectronic devices, materials science, magnetics, optics and for its application to micro-and ultra-filtration.
As a heterogeneous alloy system, Ni-Ag alloys have been widely investigated with sputting technique [14, 15, 16] . However, relatively early work has mainly focused on bulk materials and multilayered film, Up to now, little attention has been paid to Ni-Ag nanowires, which has a variety of properties such as high strength, corrosion resistance, good wear resistance, giant magnetoresistance and magnetic properties. Through the study of magnetic Ni-Ag nanowire arrays, we have a chance to clarify the magnetism of the alloy and provide the probability of its application in magnetism-oriented transit and enrichment. In this paper, we report the fabrication of highly ordered single crystalline Ni-Ag alloy nanowire arrays embedded in AAO by electrodeposition. Magnetic hysteresis loop shows that the Ni-Ag nanowire arrays have superparamagnetism, indicating their potential applications in the nanoscale fabrication of magnetic materials for ultra-high-density magnetic recording.
Experiment
The AAO templates were prepared by using a modified two-step anodizing process reported elsewhere. [17] Al foil (99.999%, 0.5mm thick) was cut into 2.0cm×1.1cm pieces. These specimens were degreased with ethanol and acetone in sequence and electropolished in a mixture of perchloric acid and ethanol. Two-step anodizing method was performed to produce an ordered porous aluminum oxide layer on the surface of super pure aluminum. The anodization was conducted under a constant voltage of 40V dc in a 5% oxalic acid at 17℃ . After removal of the alumina in a mixed solution of phosphoric acid and chromic acid, the second anodizing process was carried out under the same conditions as used in the first step, and then the AAO was stripped from the aluminum substrate by reverse-current stripping technique. Subsequently, the semi-manufactured AAO template was immersed in a 5 wt% aqueous phosphoric acid solution to remove the barrier layer on the bottom side, and simultaneously widen the pores.
The nanowire samples were prepared by electrodeposition into the pores of AAO. An adhesion layer of Au (500nm) was coated onto one side of the through-hole AAO template by e-beam evaporation in order to cover the pores completely, and to serve as the working electrode during electrochemical deposition. For the electrochemical deposition of metal into the nanochannels of the AAO template, a three electrode electrolytic cell was used. Ni-Ag nanowires were electrodeposited from an aqueous solution of 0.00282 M Ag 2 SO 4 , 0.47 M NiSO 4 •6H 2 O and 0.85 M H 3 BO 3 with a pH value of 3.0. DC electrodeposition was performed at the correct reduction potential to the electrolyte, alloy can be deposited into the pores.
The morphology of the deposited Ni-Ag nanowires were observed by scanning electron microscopy (SEM, S-5130SB). Transmission electron microscopy (TEM, JEOL 100CX-Ⅱ), selected area electron diffraction (SAED) and energy dispersive spectra (EDS) were employed to study the chemical composition and morphology of the nanowires. The magnetic properties of the Ni-Ag nanowires embedded in the AAO templates were measured by a vibrating sample magnetometer (LDJ9600) at room temperature.
Results and Discussion

Fig. 1 SEM images of the Ni-Ag nanowires (a) a bundle of Ni-Ag nanowires (b) the top view (c) the break view in the middle of nanowire array (d)the bottom view
Typical scanning electron microscopy (SEM) images of the as-grown Ni-Ag nanowire arrays were shown in Fig. 1 . As can be seen from a low-magnification SEM image (Fig. 1a) , the sample consisted of a large quantity of nanowires and the length of nanowires was 30µm. Fig. 1b was the top view of
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the nanowire array, revealed that the diameter of the nanowire was about 90nm, and the nanowires were smooth and very uniform. Fig. 1c was the break view in the middle of the nanowire array, a part break was observed, because the nanowires were lack of the support of AAO template when released from AAO template, and were caused by ultrasonic. Fig. 1d was the bottom view of the nanowire array, showed that the growth of nanowires started at the pore bottom, and continued from the bottom of the pore to pore opening.
Fig. 2 (a-b) TEM images of the Ni-Ag nanowire (c) SAED pattern of Ni-Ag nanowires
To observe the morphology and structure of the nanowires, we etched the samples in 1 M NaOH. Fig. 2a was the TEM images of several segments of the nanowires, revealed that the nanowires free of the templates were breakable. Fig. 2b was the single nanowire, and showed that the nanowire was curly. Fig. 2c was selected area electron diffraction (SAED) of the Ni-Ag alloy phase, and the diffraction pattern revealed that the nanowires was single crystal and fcc lattice structure. We also determined the ingredient of the nanowires by an energy dispersion x-ray spectrometer (EDS) (Fig. 3) . Quantitative analysis indicates that an atomic ratio of Ni and Ag was very close to 79:21. Fig. 4 . From the figure, when the external magnetic field was up to 1T, the samples were not under saturation, and the area of the M-H hysteresis curve was small, the shape of which was very close to the M-H hysteresis curve of the superparamagnetic materials.
Conclusion
Highly ordered Ni 79 Ag 21 alloy nanowire arrays were fabricated successfully by electrodeposition into the pores of a porous anodic aluminum oxide(AAO). the nanowire arrays were regularly arranged, the length of nanowires was 30µm and the diameter of the nanowires was about 90nm，L/D was up to 300. Such nanowire arrays were single crystal and in fcc structure. The hysteresis loop showed that the nanowire arrays were superparamagnetism at room temperature.
